EcoCAR 2 is the premiere North American collegiate automotive competition that challenges 15 North American universities to redesign a 2013 Chevrolet Malibu to decrease the environmental impact of the Malibu while maintaining its performance, safety, and consumer appeal. The EcoCAR 2 project is a three year competition headline sponsored by General Motors and U.S. Department of Energy. In Year 1 of the competition, extensive modeling guided the Colorado State University (CSU) Vehicle Innovation Team (VIT) to choose an all-electric vehicle powertrain architecture with range extending hydrogen fuel cells, to be called the Malibu H 2 eV. During this year, the CSU VIT followed the EcoCAR 2 Vehicle Design Process (VDP) to develop the H 2 eV's electric and hydrogen powertrain, energy storage system (ESS), control systems, and auxiliary systems. From the design developed in Year 1 of the EcoCAR 2 competition, a Malibu donated by General Motors was converted into a concept validating prototype during Year 2. Through extensive vehicle simulations and on-road testing, the FCPHEV architecture was optimized to meet the goals of the VTS in Year 3. The progress of the CSU VIT through the vehicle design process, discussion of the safety control systems of the vehicle, optimization and validation of both software in the loop (SIL) and hardware in the loop (HIL) testing, as well as the expected VTS goals and realization of the FCPHEV prototype will be discussed in this paper.
INTRODUCTION
For the EcoCAR 2 competition, Colorado State University (CSU) chose to design and build a Fuel Cell Plug-in Hybrid Electric Vehicle (FCPHEV). This vehicle architecture is one of the first vehicles to use a large battery back in conjunction with a small range extending fuel cell system. The CSU Vehicle Innovation Team (VIT) chose this design for the EcoCAR 2 competition because it represents a viable vehicle architecture for consumers in the coming 10-15 years. The FCPHEV built by the CSU VIT is referred to as the H 2 eV. The initial design of the H 2 eV was constructed and optimized by the CSU VIT during Year 1 of the EcoCAR 2 competition. Through MATLAB Simulink simulations, the electric motor, battery pack, and fuel cell system were optimized for maximum competition performance. The powertrain components were selected from available commercial products, and packaged into the 2013 Chevrolet Malibu using Siemens NX computer-aided design (CAD) software. The construction of a MATLAB Simulink vehicle model representing the design of the H 2 eV allowed for initial software in the loop (SIL) testing, while the team also began early stages of the hardware in the loop (HIL) testing process for some of the new H 2 eV components. Year 2 of the EcoCAR 2 competition began the integration process of the new FCPHEV powertrain into the Malibu. During this process the stock engine, transmission, and hybrid electric system were removed and replaced with the new electric motor, battery pack, fuel cell system, hydrogen fueling system, and control systems. HIL testing of the battery pack and fuel cell system allowed for further refinement of the MATLAB Simulink FCPHEV model to improve the accuracy of the SIL testing in comparison to the true behavior of the new powertrain components. By the end of Year 2 the CSU VIT had integrated all of the new FCPHEV components into the Malibu. All of the systems functioned normally during the initial driving of the H 2 eV prototype. The purpose of Year 3 of the EcoCAR 2 competition is to optimize the functionality of the FCPHEV systems to create a production-ready vehicle that meets all of the performance specifications simulated at the beginning of the EcoCAR 2 competition. The following paper details the FCPHEV architecture and design process followed by the CSU VIT through all three years of the EcoCAR 2 competition. This includes the refinement of the control systems and control strategy during Year 3, and a comparison of the simulated and real H 2 eV performance specifications using data collected during Year 3 of the competition. Figure 1 Design teams of the CSU VIT as they pertain to the EcoCAR 2 competition and CSU senior design.
CSU VEHICLE DESIGN PROCESS AND ARCHITECTURE
The organizers of the EcoCAR 2 competition, General Motors (GM) and Argonne National Laboratory (ANL), helped develop a Vehicle Design Process (VDP) template for the schools to follow throughout all three years of the competition. The designed VDP structure allows teams to follow a vehicle design and integration process that is predictable, repeatable, and incorporates measurable goals to track the progress and success of the project. By personalizing the VDP template to the requirements of the FCPHEV architecture, the CSU VIT was able to develop the systems of the H 2 eV in a structured, scheduled manner.
In Year 1, the CSU VIT successfully implemented the VDP template from GM and ANL. The VDP template was personalized to match the structure of CSU's newly developed EcoCAR 2 program and its function as a part of the CSU senior design program. Figure 1 shows sub teams, tasks, and milestones used by the CSU VIT in developing a personalized VDP for the H 2 eV. The final VDP used by the CSU VIT enables the EcoCAR 2 team to reach the yearly milestones by performing multi-disciplinary work throughout all three years of the competition. This VDP structure has allowed each of the sub teams to focus on developing their respective systems of the H 2 eV while maintaining perspective of the project as a whole. On top of the individual milestones of each of the subteams as it pertains to the senior design deliverables for CSU, the team will focus on the three major milestones of the EcoCAR 2 competition: Program Initiation Approval (PIA), Vehicle Design Review (VDR), and Vehicle Testing Complete (VTC).
Year 1 of the VDP focused on the conceptual design, component selection, and integration of the FCPHEV components into the Malibu. In parallel with the major component selection and packaging, the CSU VIT began the development of a MATLAB Simulink vehicle model to construct the safety control systems for the components of the H 2 eV. The purpose of Year 2 of the VDP was to successfully integrate the new systems of the FCPHEV architecture into the Malibu. This goal was met with the simultaneous development of the supervisory control of all systems through SIL and HIL testing, design and failure analysis of powertrain component mounting structures, testing and integration of the A123 battery pack, and testing and development of the range extending fuel cell system. The progress made on these tasks by each of the CSU VIT's sub-teams allowed the team to successfully demonstrate the initial H 2 eV prototype at the end of Year 2. The CSU VIT is on target to meet the VTC milestone at the end of Year 3. In Year 3 the CSU VIT has focused on refining and optimizing the systems of the FCPHEV to create a production ready vehicle. To date the team has successfully reduced the energy consumption of the vehicle through weight reduction and active 12V system control. Extensive VIL testing has led to changes in the vehicle controller to improve the drivability of the vehicle. Further refinement of the fuel cell system, regenerative braking, and motor control system will ensure the H 2 eV prototype meets the performance specification results of the CSU VIT's initial simulations.
In order to validate the CSU VIT's movement through the VDP, the Vehicle Technical Specifications (VTS) are reviewed to ensure progress toward the yearly milestones. The specifications created for the FCPHEV architecture ensure that the proposed vehicle design meets both engineering and consumer objectives. These objectives include improving energy efficiency and decreasing emissions production in comparison to the conventional Malibu, while still maintaining consumer appeal through metrics such as 0-60 MPH acceleration times and vehicle range. The VTS, shown in Table 2 , was generated through simulation of custom vehicle models representing the conventional Malibu and the FCPHEV architecture. The range extending fuel cell system produces zero emissions during operation and its operation is decoupled from driving loads, so it can always be run at its most efficient operating point. This type of operation results in lower energy consumption and maintains an acceptable total vehicle range. In order to meet the engineering targets of the competition, some tradeoffs had to be made with regard to consumer requirements. For example, the addition of a large battery pack and hydrogen storage tanks led to reductions in cargo capacity and passenger capacity. Current vehicle cargo capacity is less than the competition required volume, but the passenger capacity still meets requirements.
Despite the tradeoffs associated with the FCPHEV design, through extensive simulation of all the available fuels within the EcoCAR 2 competition, the CSU VIT determined that a FCPHEV provided large environmental and efficiency benefits that could overshadow the losses in some consumer specifications. As this vehicle architecture has numerous requirements unique to its design, the CSU VIT was presented with a difficult task in Years 2 and 3 to successfully integrate the new FCPHEV components into the Malibu. Packaging and fuel cell system control optimization were specified as potential pitfalls in implementing the H 2 eV design, but as of Year 3 the team has been successful in both areas.
CONTROL SYSTEM DEVELOPMENT AND REFINEMENT

Control System Overview
The new FCPHEV architecture required a complete removal of the original engine, transmission, exhaust, and fuel system of the Malibu. These components were replaced with an electric motor, high voltage (HV) battery pack, fuel cell stacks, hydrogen storage, and HV power electronics. Figure 2 shows an overview of the newly integrated components in the H 2 eV. Each of the major components was packaged and integrated into the Malibu by the CSU VIT during Year 2 of the EcoCAR 2 competition. In order for the H 2 eV prototype to successfully meet the specifications of the VTS, the mechanical, electrical, and hydrogen components must be actively controlled to maximize the efficiency and performance of the vehicle. The CSU VIT uses a dSPACE MicroAutoBox (MABx) as the vehicle's supervisory controller. The MABx is in charge of controlling and monitoring all of the components and their respective controllers used in the H 2 eV. Communication between the supervisory controller, new powertrain components, 12V system controllers, fuel cell system, hydrogen system, and GM components occurs on either the CSULAN or GMLAN controller area network (CAN) buses as shown in Figure 3 . The following section overviews the methods used by the CSU VIT to simultaneously and effectively control all of the systems within the H 2 eV. The traction force for the vehicle is provided to the front wheels by a UQM PowerPhase 145 electric motor combined with a single speed BorgWarner eGearDrive transmission. The UQM electric motor can provide up to 145kW of peak power and 350Nm of torque (limited by the transmission) to the front wheels. The UQM operates at the HV bus voltage, which is nominally 340V. As seen in Figure 3 , the supervisory controller and UQM inverter/controller communicate over the CSULAN CAN bus. The MABx must ensure safe control of the motor during vehicle operation. The supervisory controller checks for communication with the electric motor throughout the drive cycle to ensure that the torque output of the motor is being safely controlled. In order for the motor to effectively respond to command from the driver, there must be efficient communication between the pedal position sensor, MABx, and UQM electric motor as shown in Figure 4 . The accelerator pedal sensor signal is converted from an analog to CAN signal through a Micromod PCAN and then sent to the supervisory controller. This signal is than fed through a vehicle speed feedback controller to determine the required torque request that is send via CAN to the UQM electric motor. Throughout this communication process the supervisory controller is checking the fidelity of the pedal position sensor signal as well as the vehicle level safety signals to ensure that it is safe for the vehicle to request torque output from the motor. The UQM electric motor draws current off of the HV direct current (DC) bus. The HV DC bus is a common node for other components such as the fuel cell system, HV battery pack, Brusa HV charger, and the accessory power module (APM). The HV battery pack is an A123 7x15s3p battery pack which has a capacity of 18.9 kWh, and a maximum output of 177 kW. The supervisory controller monitors the main contactor and battery cell outputs of the battery control module (BCM) to verify the safe functionality of the A123 battery pack. During normal driving the battery pack supplies the transient current requests of the electric motor. Because of this, the fuel cell system is allowed to operate irrespective of road-load conditions at a single point of high efficiency output power to the HV DC bus. Three Horizon H5000 fuel cell stacks are used for the range extending fuel cell system of the H 2 eV. The fuel cell system can output 10-13kW at nominal bus voltage. Two of the fuel cell stacks are placed in series with a Zahn step up DCDC convertor and the third fuel cell stack powers the DCDC converter. The DCDC converter matches the voltage of the HV bus during constant fuel cell operation. The output current of the fuel cell system is controlled by the supervisory controller by using a 0-9 V current request signal to the Zahn DCDC as shown in Figure 5 . The current requested by the MABx is dependent upon sensor signal feedback from the fuel cell stacks and the hydrogen tanks. Throughout the drive the three fuel cell stacks are being measured for their individual voltages and output currents. The three hydrogen tanks' pressures and temperatures are being monitored simultaneously by the supervisory controller. If any of the fuel cell stack voltages fall below a specified threshold the supervisory controller will cut back the fuel cell system current request until the fuel cell stacks' voltages are maintained in a functional state. However, if the tank pressure falls below a minimum threshold, or the tank temperature rises above a maximum threshold, the supervisory controller will cut the current request to the fuel cell system to ensure no power is output to the HV DC bus. In Year 2 of the competition, the CSU VIT used a separate fuel cell controller to perform the current request operations and process the fuel cell and hydrogen tank sensor feedback. In Year 3 this functionality was moved to the supervisory controller to improve the fidelity of the fuel cell system controller, and remove the possibility of potential communication pitfalls. Of all the components added to the Malibu for the FCPHEV architecture, the hydrogen refueling system provides the highest safety concern. Therefore, strict safety protocols are built into the control of the hydrogen fueling system. The supervisory controller is tasked with controlling the fueling solenoids within the three hydrogen tanks, the main hydrogen fueling solenoid, and the fuel cell source and purge solenoids. The flow of hydrogen through these systems can only be accomplished with feedback from the pressures and temperatures of the hydrogen tanks as well as the output of the hydrogen leak sensors spread through the vehicle. As with the fuel cell system current control, if any of the hydrogen tank pressure falls below the minimum threshold or the hydrogen tank temperature rises above a maximum threshold the supervisory controller will stop hydrogen flow to the fuel cell stacks. Even with a complete overhaul of the Malibu's powertrain components with the new HV and hydrogen systems required by the FCPHEV architecture, the CSU VIT has developed a hierarchal controller network that allows the team to effectively and safely control the new systems in the H 2 eV.
Control Strategy Goals and Modes
For the EcoCAR 2 competition, the H 2 eV will operate in a blended mode. This means that over the vehicle's driving range, hydrogen fuel and battery state of charge will deplete simultaneously as an example shows in Figure 7 . The vehicle's only source of tractive force is the electric motor. This motor is receives power from the high voltage bus, to which the outputs of the fuel cell system and battery pack are also connected, as outlined in Figure 2 . The fuel cells output relatively low power during operation, and as such are unable to sustain the state of charge of the battery pack during high power driving, such as that of the Emissions and Energy Consumption (E&EC) event shown in Figure 8 . When driving power requirements are less than the output of the fuel cells, the battery pack will receive the excess energy and the battery state of charge will increase as shown in Figure  9 . When driving power requirements exceed fuel cell output, the battery pack will provide the excess power required. Using a blended mode, the amount of total energy required from the battery pack is lower than if the vehicle were operating on battery power alone, and the range of the vehicle is substantially increased. During vehicle operation, the goal is to control the fuel cells such that they operate at a constant power output. This allows the fuel cells to be run at maximum efficiency at all times, which is substantially higher than the efficiency of an internal combustion engine. This means less energy use than a conventional vehicle, which could mean lower fuel costs.
Control System Optimization
In order to validate the progress and functionality of the FCPHEV being built for the EcoCAR 2 competition, the CSU VIT must validate its performance specifications through vehicle modeling and on-road testing. In parallel with meeting vehicle performance goals, the team must also focus on meeting certain requirements that maintain the safe functionality of the vehicle regardless of driving conditions. In Year 1 of the competition, a vehicle model was created in MATLAB Simulink to begin simulation and testing of the components to be integrated into the H 2 eV. In Year 2, the team focused on refining the component blocks within the SIL model to garner more accurate vehicle simulations. To achieve a higher fidelity SIL model, the team conducted hardware testing of the new FCPHEV components to better understand their communication and performance characteristics. The results from these initial hardware tests were implemented into the vehicle model and validated across both the SIL and HIL testing platforms, as shown in the component model validation process in Figure 10 . The team was able to successfully integrate a safe and functional controller in Year 2. Figure 10 Component testing path for model and controller validation.
In Year 3, the team was focused on optimizing the functionality of the H 2 eV's components. To successfully optimize the supervisory controller, the team had to focus on discrepancies seen between the behavior of the vehicle during SIL and vehicle in the loop (VIL) testing. In Year 2 of the competition, the CSU VIT focused on strengthening the fault mitigation strategy of the supervisory controller. Various SIL and HIL tests were conducted, as shown in With the safety critical controls of each powertrain component tested and validated within the SIL, HIL, and VIL testing platforms in Year 2, the CSU VIT focused on refining the drivability and efficiency of the vehicle in Year 3. For example, it was determined by the CSU VIT that the maximum torque curve seen during on-road vehicle testing did not match the torque curve of the vehicle during SIL testing. The team chose to use a 0-60mph test as the environment in which to visually determine the accuracy of the model, as the test will force the motor across the maximum ranges of its torque curve. Figure 11 shows the torque curve of the SIL model and the VIL model initially seen by the controls team. The torque data of the VIL model was taken during a 0-60mph track test using the VectorCAN DAQ installed in the H 2 eV, while the SIL model torque data was taken from an automated 0-60mph Simulink simulation. As shown by Figure 11 , there was a large discrepancy between the maximum torque exerted by the vehicle in SIL testing and the torque used during on-road testing. Upon review of the powertrain component models within Simulink, the cause of this discrepancy was found to be inaccuracies in the motor and battery models. The model uses a block to calculate the internal resistance of the battery using look up tables based on the present SOC of the battery. This method proved to be an inadequate method to accurately calculate the battery voltage.
After researching methods to model Lithium-Ion batteries, the team settled on a modified Shephard model. This model takes into account the batteries open circuit voltage (E 0 ), current (I), internal resistance (R i ), polarization resistance (k), and state of charge (SOC). The parameters of the battery model (E 0 , k, and R i ) were obtained using a least squares fit over a range of SOCs. The equation and Simulink model used in the updated battery model is shown in the equation below:
After the battery model was updated, the motor model was analyzed. The motor model used a torque request that is modified by look up tables provided by the manufacturer (UQM). These tables limit the torque in the model as a function of RPM and voltage. These are physical limitations of the motor and must be accounted for in the vehicle model. The team determined that the look up tables in the original Simulink motor model were not accurate and had too few data points to model the actual behavior of the motor. These tables were updated to represent the torque curves provided by the manufacturer (Figure 12 ).
Figure 12 Torque curve for the UQM PowerPhase 145 (Courtesy of UQM).
With the modifications to the battery and motor models, there is a higher correlation between the behavior of the SIL vehicle model and the on-road test data. The torque curves from the updated SIL model and the VIL data are shown in Figure 13 . The pedal positions are plotted in this figure, to ensure the accurate timing for this comparison. With validation of the new accelerator pedal model within the SIL testing environment, the CSU VIT validated the model during vehicle testing in accordance with the component validation structure set forth in Figure 10 . The FCPHEV design only becomes viable when the fuel cell system can efficiently supply power onto the HV DC bus to the high voltage battery. Therefore, it was important that the CSU VIT improve the effectiveness of the overall vehicle control strategy by optimizing the functionality of the fuel cell stacks. In order to ensure the optimum hydrogen utilization over the course of normal vehicle operation, the supervisory controller must ensure that the fuel cell fans are drawing enough air through the cells at all times. During the E&EC even at the Year 2 final competition, the fuel cells were operating below the manufacture derived operation line, as shown in Figure 14 . As shown in the figure, all three fuel cells are operating below the ideal operation line. These operating points are an indication that the fuel cells are not receiving enough oxygen to utilize the hydrogen required to reach the ideal operating line. It was determined that the fuel cell fans were running at a 25% duty cycle during the E&EC drive cycle, meaning that only a small portion of air was being pulled through the fuel cells.. This low fan speed did not provide the fuel cells with enough oxygen, reducing output voltage, especially during low speed driving and when the vehicle was stopped. The low voltage operation can be seen in Figure 14 , and the operation points around 65 V correspond to times when the vehicle was at low speed or stationary. With the data taken from the E&EC drive cycle, the CSU VIT was able to make preliminary changes to the operation of the fuel cell fans. As an initial change, the team changed the minimum fan duty cycle from 25% to 50%. This ensured enough air was circulating through the fuel cells during accelerations, decelerations, or stopped driving events. The increase in fan speed allowed the fuel cells to maintain operation while stopped, as seen in Figure 14 . The increase in incoming air to the fuel cell also helped optimize the fuel cells' operating characteristics, as detailed in Figure 15 . The fuel cells are now more closely following the ideal manufacturer's operating line, whereas before they were operating significantly lower than the ideal line. The closer the fuel cells operate to this line, the more efficient the system becomes. While these initial results provide a promising change to the supervisory energy management control strategy, there is still room to optimize the control of the fuel cell fans. This year, the fuel cell and controls teams will create an algorithm that operates the fans based on the speed of the vehicle to ensure that enough air enters the fuel cells at all operating speeds. The teams will optimize the fans' operating duty cycle to ensure that the fans provide enough air to the fuel cells such that they can operate efficiently, but the teams will also try to minimize the plant load of the fuel cell fans during this optimization. The continued improvement of the H 2 eV's control system has allowed the CSU VIT to optimize the vehicle to meet the goals set by the VTS.
99% BUYOFF WORK Predicted VTS Goals
The VTS outlined in Table 2 is the primary metric to evaluate the CSU VIT's progress in implementing the FCPHEV architecture. The "Design Targets" listed in the VTS table were created to ensure that any vehicle design created for the EcoCAR 2 competition would provide engineering, environmental, and consumer benefits in contrast to the conventional gasoline Malibu. As outlined by Table 2 , the global idea of the H 2 eV design is to provide improvements in fuel consumption and well to wheel (WTW) emissions production, while maintaining consumer specifications such as 0-60MPH acceleration time or total vehicle range. The proposed blended control strategy FCPHEV would consume half the amount of fuel energy over the EcoCAR 2 4-Cycle than the stock Malibu (281.2Wh/mi versus 787Wh/mi). The H2eV will also cut the WTW greenhouse gas (GHG) emission production from 253gGHG/km produced by the conventional Malibu to 202gGHG/km. As a tradeoff, the new FCPHEV will only have a 0-60MPH acceleration time of 9.0sec while the conventional Malibu has an acceleration time of 8.2sec. The total driving range of the FCPHEV is also less than the total driving range of the Malibu (390km versus 736km). These tradeoffs were determined to be necessary during the architecture selection phase of the VDP.
Starting from the architecture selection, the CSU VIT has been using vehicle models to simulate the different vehicle architectures of the competition. As the team has progressed through the VDP, the vehicle model has been adapted to better represent the true behavior of the new FCPHEV components. In Year 1 the FCPHEV vehicle model was simulated with constants such as vehicle mass, fuel cell output power, motor size, and battery size that were selected as part of the architecture selection phase. While based on commercially available products, component operation was simulated using ideal or conceptual methods rather than based upon actual component data. The SIL testing of the FCPHEV vehicle model in Year 1 was not able to provide better insight into the behavior or results of the electrical or hydrogen components in comparison to the initial model. However, with the evolution of CSU VIT's HIL testing in Year 2, the team was able to better understand the performance constraints and efficiencies of the different powertrain components. The team was able to incorporate the real world characteristics of the H 2 eV as it was built by the end of Year 2, but further vehicle testing was required in order to accurately represent the progress of the vehicle through VTS simulations.
In Year 3 of the competition, the CSU VIT was able to take the H 2 eV to Argonne National Laboratory's (ANL) Advanced Powertrain Research Facility (APRF) for extensive chassis dynamometer testing. This provided a platform to collect a lot of data to understand the behavior of the vehicle. The team tested the vehicle on the Milford E&EC drive cycle to help determine the energy consumption of vehicle. As shown in Figure 16 , the team was able to take data on the 12V accessory load of the vehicle during the drive cycle. The accessory load energy consumption result from this data was incorporated back into the VTS model to increase the model's accuracy. Figure 16 Accessory load of the H 2 eV during the E&EC drive cycle.
The chassis dynamometer testing also gave insight into the A123 HV battery pack energy use. The data taken while driving the E&EC drive cycle was used to more accurately simulate the amount of energy used by the electric motor from the battery pack while driving. The results of the VTS table are sensitive to different characteristics of the vehicle.
Changes to the fuel cell output power, weight of the vehicle, or energy consumed by accessory loads can affect the performance of the vehicle over the evaluated drive cycles.
The better these systems are modeled, the better the vehicle model is at predicting the true utility of the FCPHEV architecture. The data collected from extensive vehicle testing help improve the fidelity of the FCPHEV model used to calculate the VTS. The data also provides the CSU VIT with the opportunity to validate the progress of the implemented FCPHEV architecture in comparison to the simulated VTS.
Performance Testing, Validation, and Results
The VTS table is created using vehicle simulations. Therefore, it is only a benchmark to validate the progress of integration and functionality of the FCPHEV during the three years of the EcoCAR 2 competition. In order to validate the vehicle without the availability of a chassis dynamometer, the CSU VIT conducts extensive on-road vehicle tests around the town of Fort Collins to record and understand the behavior of the H 2 eV. At the beginning of Year 2, the team created an Eco Loop drive cycle within the town limits that include stop and go driving as well as high speed highway driving. Because the team cannot feasibly test an accurate E&EC drive cycle on the roads of the town, this drive cycle will be used to benchmark the performance of the FCPHEV powertrain as well as be used to compare the energy consumption results between the FCPHEV and the conventional Malibu. The velocity profile of the Eco Loop can be seen in Figure 17 . Data taken while driving the Eco Loop drive cycle cannot be used to validate every line item of the VTS table, but its primary purpose is to validate the energy consumption characteristics of the electric motor, battery pack, and fuel cells. The H 2 eV was driven over the Eco Loop drive cycle during the first half of Year 3 in order to provide data for such validation. Validating the amount of energy used by the vehicle's powertrain allows the CSU VIT to accurately simulate the vehicle range and performance over the EcoCAR 2 4-cycle and E&EC drive cycles. The energy consumed by the UQM electric motor, A123 battery pack, Horizon fuel cell stacks, and accessory systems over the drive cycle can be seen in Figure 18 . The plot shows that the fuel cell system is behaving normally in its range extending operation by displacing battery energy over the course of the drive cycle. The hydrogen energy consumption is calculated using the real time data of three hydrogen tank temperatures and pressures, while the electric motor and battery pack energy consumption is calculated based on the instantaneous output power of the two components. With the knowledge from Figure 18 that the fuel cells were indeed providing regenerative energy to battery pack during the drive cycle, the energy consumption per mile of the battery pack and fuel cells were calculated as shown in Table 1 . This nearly corresponds to the simulated hydrogen fuel consumption of 397.4Wh/km as seen in the VTS. The combined unweighted energy consumption during charge depleting driving was 372Wh/mi (600Wh/km). The total energy consumption of the H 2 eV was higher than predicted during the Eco Loop drive cycle, but can be explained through analysis of the functionality of the fuel cells and weight of the vehicle. The weight of the vehicle during this particular test of the Eco Loop was nearly 200lbs greater than the predicated mass of the vehicle used during the simulation of the VTS. Secondly, Figure 19 shows that the fuel cells were being operated in less than ideal areas. The total fuel cell system output power was being limited to ~4kW by the supervisory controller. Figure 19 Fuel cell stack operation during the Eco Loop drive cycle.
As this test was conducted in the beginning of Year 3, the CSU VIT has worked to correct these issues. The vehicle weight has been cut significantly (2031kg) to better match the vehicle mass estimated during the architecture selection phase. The fuel cell system has been worked on extensively to increase its power output. The fuel cells have been tested recently with output power up to 7-8kW. The team expects to achieve higher power output from the stacks, but the progress is in the right direction to meet the goals of the VTS.
ADDITIONAL 99% BUYOFF FEATURES
On top of improving the H 2 eV to meet the goals specified by the VTS, the CSU VIT has worked to meet certain consumer requirements as well. The team has focused on improving the accelerator pedal response of the vehicle, thus improving the driving feel of the vehicle. The serviceability of the electrical systems of the vehicle, as well as their appearance which can be seen in Figure 20 , has been enhanced. The team has replaced the original halogen light bulbs of the Malibu with more efficient LEDs to help demonstrate alternative methods of efficiency improvement and increase the environmental friendliness of the vehicle. To provide similar handling and feel to the H2eV in comparison to the conventional Malibu, the team has focused on optimizing the drive shaft design (Figure 21 ) to reduce torque steer, and inserting stiffer springs in the rear of the vehicle to improve the ride over rough terrain. Finally the CSU VIT was able to demonstrate a completely zero emission refueling of the hydrogen tanks of the H 2 eV. The National Renewable Energy Laboratory (NREL) in Golden, Colorado uses wind generated electricity to power the electrolysis of water for hydrogen production. As this process only uses wind energy, it represents a refueling pathway with zero emissions from well to tank. In combination with the zero emissions produced by the fuel cells from tank to wheel, the CSU VIT has demonstrated that it is possible for zero WTW emissions for fuel cell hydrogen use. 
SUMMARY/CONCLUSIONS
Colorado State University has successfully met the milestones each of the three years as discussed in the VDP. The integration of the powertrain and control systems of the H 2 eV in Year 2 marked a mile stone in the AVTCs. Continued simulation and on-road vehicle testing of the FCPHEV architecture through Year 3 has helped the CSU VIT optimize and validate the functionality of the vehicle. The safe control of the electric motor, battery pack, fuel cell system, and hydrogen fueling system has been a high priority for the CSU VIT. The development of software requirements through DFMEA has allowed the team to mitigate and plan for any potential faults in the powertrain systems of the vehicle. Continued validation of the SIL model using HIL and VIL testing data has allowed the CSU VIT to enhance the accuracy of the H 2 eV's plant models for more accurate simulation results. The use of real world driving data from on-road and chassis dynamometer testing has helped increase the accuracy of the VTS table simulations. The final goal of the team is to continue optimization of the H 2 eV's systems to meet all the goals of the VTS, and provide a fully functional FCPHEV prototype for display at the Year 3 Final Competition in Milford, Michigan. 
APPENDIX
